to evaluate the functional and structural changes that occur with disuse. From our studies using hippocampal increases. The structural correlate of this change in strength is an increase in the size of the synapses, with synapses, we arrive at two simple conclusions. First, larger synapses are stronger in the sense that they exall synaptic components-active zone, postsynaptic density, and bouton-becoming larger. Further, the hibit greater release probabilities-this "synaptic size principle" is, we believe, widely applicable to central number of docked vesicles and the total number of vesicles per synapse increases, although the number synapses. Second, with disuse hypersensitivity, synapses grow larger and thus stronger. In the same preparation, the size of the RRP was
of release probability. Sources of errors associated with this method are considered in the Discussion. In the same preparation, the size of the RRP was measured by using a stimulus of 40 action potentials at membrane appears to touch the active zone membrane (see Figure 2A) . Figure 2B shows a set of synapses 20 Hz (see Murthy and Stevens, 1999) , a number that is selected to give an RRP size equal to that estimated reconstructed from 16 sections (about 1 m for the series) with the FM1-43 fluorescence image superimby application of hypertonic solution, our operational definition of the RRP (Rosenmund and Stevens, 1996;  posed. Reconstruction of 14 synapses, whose RRP size had previously been estimated with the FM1-43 method, Stevens and Tsujimoto, 1995; Stevens and Williams, 2000) . The idea here is to stimulate rapidly so that all of yielded a strong match between the number of vesicles in the RRP and the number of docked vesicles (Figure the immediately available vesicles will be released before an appreciable number of new vesicles can dock 2C). These observations confirm with a physiological measure of RRP size, the recent conclusion, based on and prime. Figure 1A shows a field of processes labeled with FM1-43 with the two protocols, one to estimate photoconversion of FM1-43 labeled vesicles, that the RRP and the docked vesicle pool coincide (Schikorski release probability and the second to determine RRP size. Converting fluorescence intensities to release and Stevens, 2001). We conclude that, within the errors of our experiment probability and number of vesicles, we obtain the relation between the two quantities that are strongly corre-(perhaps 20%, due to some refilling of the RRP and sampling and classification errors), the RRP is the funclated (r ϭ 0.68, p Ͻ 0.01; Figures 1B and 1C) . The data are adequately described by the equation p ϭ 1 Ϫ tional counterpart of the docked vesicle pool. Because resting release probability is determined by the size of exp(Ϫ0.057 ϫ N), derived from the model outlined above, where p is the release probability, N is the number the RRP (Dobrunz and Stevens, 1997) (see Figures 1B, 4A, and 4B), the docked vesicle pool is a correlate of of vesicles in the RRP, and the constant 0.057 is the probability that an individual vesicle will undergo exosynaptic strength. Furthermore, the docked vesicle pool size covaries with active zone area, postsynaptic density cytosis when a nerve impulse arrives. Of course, more complex models, ones that relaxed the assumption that area, bouton volume, and spine head volume (Harris and Stevens, 1989; Schikorski and Stevens, 1997, 1999) docked and primed vesicles are identical and independent, could be equally satisfactory; if vesicles have dif-(see Figure 6 ). Thus, synapse size is a morphological correlate of synaptic strength (defined as RRP size and ferent probabilities of release but are independent, 0.057 would be the average probability that a single vesicle release probability); large synapses are strong, small synapses are weak. would be released. The average number of vesicles in the RRP in these experiments was 6.8 Ϯ 0.37, and the average release probability was 0.29 Ϯ 0.02 (95 synThe Quantity of Neurotransmitter Released apses from three experiments).
at Each Synapse Increases with Disuse, We conclude that the release probability is, for the but the Relation between RRP Size standard conditions under which we measure it, deterand Release Probability Is Unchanged mined by the number of vesicles in the RRP. Because Because increased synaptic strength occurs with disuse the sizes of the RRP and the recycling pool are highly hypersensitivity, we examined the average number of correlated (Murthy and Stevens, 1999) , release probabilvesicles released per synapse for a single stimulus. For ity would also be related to the recycling pool size, as these experiments, the quantity of FM1-43 taken up has been demonstrated (Ryan et al., 1997) . in response to 20 stimuli (administered at 0.5 Hz) was measured and converted to the average vesicle number released per stimulus for each synapse. Experiments The RRP Coincides with the Docked Vesicle Pool Current concepts hold that vesicles must be docked to were carried out when cells had been in culture for three weeks (Ϯ2 days), and nerve impulse activity in the culthe active zone and undergo priming in order to become release ready. Figure 2A identifies docked vesicles, the tures was eliminated by treatment with tetrodotoxin (TTX, 500 nM) for 3, 4, 5, and 9 days immediately before active zone, and the postsynaptic density (PSD) at a typical hippocampal synapse in culture. Because only vesicles the cells were studied; parallel experiments were run on untreated sister cultures to serve as a control. A typical that are docked are available for release, the physiologically defined RRP must be a subset of the docked vesicle population of synapses for the control and 5 days of disuse appears in Figures 3A and 3B . The average numpool (in so far as we can accept the conclusion that significant numbers of vesicles do not have time to dock and ber of vesicles released per stimulus per synapse was 0.30 Ϯ 0.01 for the control cultures and was approxiprime during the interval required to deplete the RRP).
In seeking the structural correlate of the RRP at indimately double that number for the disused synapses. The number of vesicles an average synapse released vidual synapses, we took advantage of the relatively sparse distribution of synapses in dissociated cultures per stimulus increased steadily over a period from 0 to 9 days of disuse ( Figure 3C ) and reached an average (compared to intact brain tissue). The low synaptic density permitted us to examine with electron microscopy value of 0.78 (compared to 0.29 for the controls) after 9 days of disuse. The average number of vesicles released the same synapses that had been studied in physiological experiments. First, we estimated the size of the RRP per synapse appeared to approach 1 exponentially with a time constant of 7.9 days (see Figure 3C ). using the FM1-43 method as before. Then, using fiducial markers to identify the relevant region of the preparaTo examine the possibility that disuse alters the relationship between RRP size and release probability, we tion, we counted the numbers of docked vesicles from serial electron microscope images of the same syndetermined this RRP/probability relationship in five experiments on 3 week old cultures that had been silenced apses. Docked vesicles were taken to be those that are morphologically docked in the sense that the vesicular for the 5 days before the experiments by continuous application of 500 nM TTX; in these experiments the The smooth curve in this figure corresponds to a singlevesicle release probability of 0.057. average release probability increased from 0.26 Ϯ 0.01 in the controls to 0.64 Ϯ 0.02 in the disused synapses.
The effect is illustrated for a typical cell in Figures 4A
Blocking Postsynaptic Activity Increases Docked Vesicle Number and the Size of the RRP and 4B, where it can be seen that the relationship between RRP size and release probability is not detectably
We demonstrated above that synapses increase the quantity of neurotransmitter they release after disuse altered by disuse (compare with Figures 1B and 1C) . We conclude that synapses increase their size with mutually exclusive, and the actual mechanism could disuse hypersensitivity and that the subparts of the synbe some combination of increasing vesicle density and apse retain their normal size interrelations. active zone size. To determine which alternative holds, we measured active zone areas for the synapses in which we had counted the numbers of docked vesicles. Discussion As can be seen from the plot of docked vesicle number as a function of active zone areas in Figure 6A , synapses
We have demonstrated a synaptic size principle that we believe to be an important and general relationship that had been treated to produce disuse hypersensitivity between synapse structure and function-synapse size determines release probability (Pierce and Lewin, 1994). We have also provided a simple explanation for how 2000) and the increased number of glutamate receptors (Liao et al., 1999; O'Brien et al., 1998; Rao and Craig, this link occurs: release probability depends on the size of the RRP, which is equivalent to the docked vesicle 1997). In so far as postsynaptic receptor densities are unchanged in disuse hypersensitivity, the increased postpool. Furthermore, our explanation for disuse hypersensitivity as increased synapse size is, in terms of the synaptic density area we find would predict approximately a 50% increase in mEPSC size. Indeed, immunosynaptic structure/function correlation, also very simple.
Synaptic strength is determined jointly by release gold electron micrograph studies have established that postsynaptic receptor density is approximately conprobability and the size of the postsynaptic response to a single quantum of neurotransmitter. All of our physistant ( have been restricted to excitatory synapses, and we have no information about implications of disuse for certain amount of spontaneous release occurs, and this would cause the release probability to be slightly overesinhibitory synaptic transmission Beaulieu, 1995, 1996) . Finally, we have not investigated the inverse timated (Murthy and Stevens, 1999) . Finally, the fluorescence intensity per vesicle varies considerably, and of disuse hypersensitivity, the decrease in synaptic strength that results from increased synaptic activity noise is introduced through fluctuations in illumination intensity and by the CCD camera (Murthy et al., 1997) .
(Davis and Goodman, 1998; Turrigiano et al., 1998); we anticipate that increased activity will cause synapses to We believe that these various noise sources add up to give the variability apparent in the figures, and can decrease in size, but demonstrating this is very important. account for the occasional synapses that appear to have a release probability greater than 1 (see Figure 4) . averaged over all pixels within the 7 ϫ 7 box (fluorescence value for each pixel varied from 0 to 255). This procedure was repeated Culture Preparation for each frame. Since ROIs were defined by rectangles, they usually Hippocampal neurons from rat pups (postnatal 0-3 days) were culincluded a small background area. Its contribution would be retured using the methods described previously (Murthy et al., 1997) . moved, however, since the fluorescence value after complete deCultures were allowed to mature for 2-3 weeks before experiments staining was subtracted from all frames. In a few experiments, slight were conducted. Cells were superfused with extracellular medium shifts in successive images were observed. To compensate for these containing (in mM): 136 NaCl, 2.5 KCl, 10 glucose, 10 HEPES, 2 shifts, the region of interest was displaced to be centered on the CaCl 2 , 1.3 MgCl 2 , 0.01 NBQX, and 0.05 DL-APV. For experiments center-of-brightness of the fluorescent spot. A few experiments involving activity blockade, 10 M NBQX (or 500 nM TTX) was added in which excessive shifts in images occurred presumably due to to the culture medium 2 days (or 3-9 days) prior to experiments. changes in focal distance were discarded. Neighboring cultures in 24-well plates were used as controls, and Values of various quantities are given as the mean Ϯ standard equivalent volume of medium was added without NBQX or TTX. All error of the mean. Cumulative distributions are compared with the chemicals were obtained from Sigma.
Kolmogorov-Smirnoff test and means with the t test. of nicotine abuse. Neuron 16, 905-908. Fluorescence and Nomarski images of the neurons that had been studied were acquired at low and high magnification. After being Davis, G.W., and Goodman, C.S. (1998). Synapse-specific control prepared for electron microscopy (previous paragraph), the neurons of synaptic efficacy at the terminals of a single neuron. Nature 392, attached to the cover slip upon which they had been grown were 82-86. embedded in epon. After embedding, but before the cover slip was Dobrunz, L.E., and Stevens, C.F. (1997). Heterogeneity of release removed, the region containing synapses that had been studied probability, facilitation, and depletion at central synapses 
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